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Fig. 1.1 Adaptive optics.
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Fig. 1.2 Wavefront sensors. Shack-Hartmann, [b] pyramid and [c] plenoptic.
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1.4. A

Liquid crystal

Fig. 1.3 Wavefront control based on liquid crystal.

Fig. 1.4 Wavefront control based on DMD.
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Fig. 1.5 Wavefront control based on Piezo actuators. Stacked piezo-actuator and [b) bimorph.
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Fig. 1.6 Wavefront control based on magneto-optical effect.
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Fig. 1.7 Structure of this dissertation.
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Wavefront
Imaging sensor
Point . Extended | SLM optics
source | sources
i P|H|P 5 )
: 2 4
D| ) — | E
LED g Object
) mmoe L Aberrations Preconditioning

(Zernike coefficients)

FC [« DO [« Xception |«

Fig. 2.1 Schematic diagram of the deep learning wavefront sensor (DLWFS). LED : light emitting diode.
P : Polarizer. SLM : Spatial light modulator. Xception : A convolutional neural network. DO : Dropout
layer. FC : Fully connected layer.
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(Without preconditioning)
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Defocus Inserting a scattering plate

() (d)

Fig. 2.2 Proposed preconditionings. In-focus (without preconditioning), [b] over exposure, de-

focus and [d] inserting a scattering plate.
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Fig. 2.3 An example pair from the test datasets. The Zernike coefficients and [b] the corresponding

phase map, which is normalized in the interval [—, 7].
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(a)
Spatial filter  Lens Lens
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Fig. 2.4 Experimental setup with a point source. Setup of in-focus and overexposure, defocus
and [[c] inserting a scattering plate.
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Fig. 2.5 Experimental results in the in-focus setup with a point source. The captured image with
the Zernike coefficients in Fig. 3 [a] and [b] the estimated Zernike coefficients.
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Fig. 2.6 Experimental results in the overexposure setup with a point source. The captured image
with the Zernike coefficients in Fig. B3 [&] and [b] the estimated Zernike coefficients.
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Fig. 2.7 Experimental results in the defocus setup with a point source. The captured image with
the Zernike coefficients in Fig. 3 [a] and [b] the estimated Zernike coefficients.
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Fig. 2.8 Experimental results in the inserting a scattering plate setup with a point source. The
captured image with the Zernike coefficients in Fig. B3 [&] and [b] the estimated Zernike coefficients.
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Fig. 2.9 Examples of object images from the EMNIST database.
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Fig. 2.10 Experimental setup with extended sources. In-focus and overexposure, defocus and

inserting a scattering plate.
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Fig. 2.11 Experimental results in the in-focus setup with extended sources. The captured image
with the Zernike coefficients in Fig. B3 [&] and [b] the estimated Zernike coefficients.
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R U2 BN =7 RECHUS S N2 E R % Fig. 213 [a)] 1239, BUFEGL? SHE L
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Index of Zernike coefficients
(a) (b)

Fig. 2.12 Experimental results in the overexposure setup with extended sources. The captured image
with the Zernike coefficients in Fig. B3 [&] and [b] the estimated Zernike coefficients.

= = =Original Defocus
| \ ]
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‘, ) 1’ ’
‘I 1 1 \ 1 1
5 10 15 20 25 30 32
Index of Zernike coefficients
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Fig. 2.13 Experimental results in the defocus setup with extended sources. The captured image with
the Zernike coefficients in Fig. 3 [a] and [b] the estimated Zernike coefficients.
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Fig. 2.14 Experimental results in the inserting a scattering plate setup with extended sources. The
captured image with the Zernike coefficients in Fig. B3 [&] and [b] the estimated Zernike coefficients.
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PANH L O a2 THERE L 72 RMSE O—Bi%2 K 2012, X (B3) Ik D IKHIZE#H L 7«
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TOF)AVT A a= VI TELNZ T REBOHEEENH ELTWS Z e HRATE
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Table 2.1 Summary of the accuracies (RMSEs) of the estimated Zernike coefficients in the experiments.

‘ In-focus Overexposure Defocus Scatter
0.142 +£0.032 0.036 £0.013 0.040 +0.016 0.057 +0.018
0.288 £0.024 0.214 £0.051 0.099 £ 0.064 0.195 + 0.064

Point source

Extended sources

Table 2.2 Summary of accuracies (RMSEs : rad) of the equivalent wavefronts from the Zernike coeffi-

cients estimated in the experiments.

‘ In-focus Overexposure Defocus Scatter
1.136 £ 0.197 0.563 £ 0.182 0.555 £ 0.188 0.726 £ 0.204
1.367 £0.111 1.332£0.204 0.8104+0.288 1.251 £0.235

Point source
Extended sources
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FEff1E 9.2 ms TH o7z, ZOHERIIE R v b7 — 2 OFE{bd 2 W IXEHOFH %
FIAT 22212k, KigZEEIAIETHS.

Fig. I8 121, FHIZEENRWRAOIGENFET 256 DHEITH 2 2 E 2R
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YIVZTRBOKRE I, BREBRUTNSWI EAHIONTE D, ZHRICERET S
LD & BIRBRBOMEL YT 52 e TcEE M),

2.6 fiam

ARETIL, WA FEE2EATAZ L Ick Y, FHEHNOZR T AHE2ET
57 NARERIEEE VY RIRE L. DIWFS CIXEE L7V avTFava V7l
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Fig. 2.15 Relationship between the number of training pairs and the accuracy obtained from the es-
timated coeflicients when training for 15, 21 and 32 coefficients, while testing on wavefronts with 32

coefficients using extended sources and the defocus preconditioning.

R, /ERBLTY) VT« a = v VEREBMGEREN, H50VERELEZTVaY
Favaz v SRR T AV F 4 a sy S OEGEITHMHT S 2 LA EET
HY, INETOWHL VY ORFTHHEZ KIEICHBZEI LI LN TE . A TH
ZEAARZ =Ty N =2 T)aArv T4 vas vl RN L TCABS - Bk
EHEAIZE D, AFRIOEN =T e EEEE T 5 Z AL ko .

ARFETE, /P oHINTWS JOETRICMA, X0 FAHMZ 2 RooHIE % R H
U, @EZEN, T74—HA, BREMIFADT) 2T 1> a=v 7 %FHT 5 DLWFS
DEBREBEZRo7-. FVAVTFava v e2EHLEEEMMIIBNT, 1V 74—
Aty b7y TOMELIDE, HMEEZKRIZHETED I 2R I e, Rtk
T, FBIZK->TEHET— Xty MERZB IR o720, AERICL2¥ET—Z 1y
MEREITD Z Ik, ZET—X 2y N E2AEKT 2R I A MIKRIECHIRATRETH
5. FHEBIC XD EROGEE, HIEP S DN LA~ v T D PSF & OBAAEEIZ
£V, A A=V UYHIZET SEERHGEZ RS IERFRETD 5.

—bE =TV av T v a=v L, SHBROFEHNRKE Y VYOG R AREL T
5. RFEER, VYATLARET Iy REITY XLRE, RO VY T T
HEINTWBHEZTTHo CEMHAETHS. RETSLDIWFSDO I L —LT7 =72
DFEFRIZ X BFHEIETIE, EMHERT 74 AV NOEBENRFETEBLBELETIZ, vV X

34



2.6. K&

NIREBTHFHRETHD L WO HHEEL, FEBPEET 71 AV FNEOF YY) T —
vavbils., LMo T, BEINZTV—LT7 =21, FZEYIEY, K%, B&
OYEEF IO 7 EE R, IR IR 20 40 B9 12 3 F AT RE 20T 2 > Y & i bk &
W, BRA DB OSEREHINC ST 5.
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Fig. 3.1 Flow of imaging and reconstruction.
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Fig. 3.2 Diagram of a conventional iterative phase retrieval method.
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Fig. 3.3 Diagram of a non-iterative machine-learning-based phase retrieval method. ResNet1,
ResNet2, [c] D-block, [d] U-block and [e] S-block.
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Fig. 3.4 Simulation results. Original and [b] estimated images.
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Fig. 3.5 Relationship between the estimation errors (NMSEs) and the measurement SNRs.
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LHobING. ZIT, f, fIREFENTIIETEIZE T ARG XD ES N HE
W, AVVFNONEERT. £/, M & NIZZENFN o fill, y s - - EHEK
THb. TANTF—XEAEDOFYI NMSE % Fig. B3 8 X O Table B 12533, Fig. B4,
Fig. B3 $ X O Table B O#ER 1E, ResNet2 (2 & 2 MiMHEIEIEX, /A4 X2 EAET AR
T—=RTH->TH, BRENPDEUNZAMIFTATVWDSILEZRLTED, EREP HIO %
IODEENERTH-72. £, BAXY N7 —27TH S ResNet2 iZEWV A Y T —
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Table 3.1 Summary of the estimation accuracies (NMSEs) shown in Fig. B3.

Measurement SNR

10dB | 20dB | 30 dB | oo dB
ResNet1 with noisy training dataset 0.516 | 0.490 | 0.492 | 0.492
ResNet2 with noisy training dataset 0.336 | 0.317 | 0.316 | 0.316
ResNet1 with noiseless training dataset | 0.650 | 0.569 | 0.499 | 0.478
ResNet2 with noiseless training dataset | 0.391 | 0.320 | 0.316 | 0.316
ER 0.561 | 0.495 | 0.489 | 0.491

HIO 0.537 | 0.479 | 0.475 | 0.474

Table 3.2 Summary of relationship between the number of training pairs and the NMSE of ResNet2
with the noisy training dataset shown in Fig. B8.

Measurement SNR

Number of training pairs

10dB | 20dB | 30 dB | co dB

2000 0.912 | 0.868 | 0.865 | 0.865

20000 0.438 | 0.427 | 0.427 | 0.426
200000 0.336 | 0.317 | 0.316 | 0.316

2 TdH5 ResNetl &0 ERHEICAMEENTZ S ZH D572, ResNet2 D NMSE
IZ ResNetl, ER ¥, HIOEL D & 165 ENT W, BHIZ, /A XEVFHET—XLy
MZEBHETIE, *Yy T —20D ) A Xiftkz W EIE2ZeNTEDL Do
NOBUEFEERIZIMA, EMNISTOFESHFEHWTEEIE, /A XEVFEET —
Rt w MZE D ResNet2 1Zxf L, EMNIST DFEEZ 7L T 7Ry R& 5 A Mifg ™) &
UCADUZGEOEBREEICG A 282 HE Uz, §Hll 1 Xid10dB & L. %
DOFER, NMSE 1X0.55 TH o7z, Tk, ResNet2 D3FFH & SCFITR U TEELHE A %
ZLTWEZEeERLTWAD, ERER HIO L LT 2 #EHETH - 7.

FEBI G- 2 D HEENREENDMEEWET 5720, FEBEMEEATHELLZ /4 X
BOFET— Ry MZ XD ResNet2 DHEENEE % Fig. BH, Table B3 II/RT. ZDFEHR
X, KO KREREET -2y bEAWTEETLILICLY, HERBENPWETEZ L
ERULTVWS., 3602, ¥PF—Xey MEaWYTEHIC, /4 AMEbmH LT 52 203
Mol
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Fig. 3.6 Relationship between the number of training pairs and the NMSE of ResNet2 with the noisy

training dataset.
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Fig. 3.7 Comparison of the calculation times.
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2 (ResNetl) & 5 W EHERTIETH S EREP HIO L D b @MEEICHK 21T 2 &
MHKZ, 51T, FEHT XLy M/ A X EMATHEBEEET L LickD, /
4 XMt 2 E EXE5 2 kI U7z, 72, 200,000 D & 5 7% < OEEHBEE HH
TBHILITED, BWMEE R - ZDOAMEEFIED HRMGRE 2 R S5 2 LAk
To. TNOITMA, BEWEE N — 2O RAERAAEEIE TR RAE BRI EE TR A
10 f5 A4 — X — CHEERMHHEEDVTRETH 5 Z L Vb ro Tz,

46



3.4. FEE

ABEIZBWORSI N XD, BEFEHEZHWEERAASI Y MY — 7 X @EE R EHE
%, E\0 A R, mEEEE OB S, MAHREREICN T 5 A ERFEED DT
H5. FMHEEIZIZEWVELRD D, ZOBEHLITIIANA A A XA =D v TR R E
DEERDSHENETSND. BMFEEN—2AD7 Tu—FI%, @EerAiEE % a6 e
U, @\ /A RMifEE/RTZENTESZ EHARZEIZ &L DRI Nz, AMAREEO WK
B, mdE, ZEMEDRD SN B EEA RSB ARV ARETH 5.

47






A =5

0 4 B

PEMEEE 1T & 2 i il D ks A

4.1 HE#

BHEGEIENE, N A A A =TV TRREZO T HENR T O DI A HHI T
&7z B0, LEOWHE Z G - FETAHEAME LT, xBTS TT714hHD D, Ful T
7 4TI, At —Lb Y MEDOEFERSE, FHELEE L ITHRONEAIERE R - HET
5T EMTEDL. ZROEEWIRRIZE D 2B TFBIT L - T, (EEOKHEZHET 5720
DFHMEEZLERT 5. 2O TEHE I XA OHRIE - DM S IZBE S 5 HIRA RS 1
TWAZens, THMRIEREEZEKT2H027 7 ALIFEN TS, kI nizhn
Z'T LR, RSOOSR E BN T A Z LItk 5T, IEBRRFOMIRLEEAET S L
MTE5.

EROWHZ LT DR OFEL LT, MEDYMEAENIFOND LS5 hFn s L%t
B ECHEBT AHERANAE ST 7 4 (CGH) ™) B TEY, 3IKTET A AT
LAYy b, E—LRIPG EDMAFFNEA TS & P B Nt
0277 LFERPEEF P EITER T2 AWT, HReEHT 5.

AWZE T, XD [a) iCmI b &S RERNERGEE AR RO 2 J A, Mo
RTINS EFEFEFE T (DOE : Diffractive optical element) Z EEH A1 7T L L IES.
FOT T L RAT 5L, HRIER EAMHED 2 FEOLF AN D 5. HRIER DA ZERK
0275 MIIMENE TN EWR, T4 VRV IA 27035 —hH5 @15 RO
BRIFRE T T LT, WRPA VTV Y I 7= EZFAL TRIEDONHED A% IS
%59 UL, ThoFa s MIHEOHRIED 2 WIFNAHD &5 5720 U il ik
RN, ITEOWHZ FEREICHET S ZLIETERY. 20D, AIERFO S I L
EEBRAUFEPREINTNE B UL, ERonERse S LAOFRAI
v, HFERDEIA MET 5. BWMEE 2R U IEENEEIC L 5 —Fn o5 A
ARFEORELRINTVED, ToL2EMEAIZIIEROFT S L 2FHT 0%

49



B4 BT £ B A O kAL

Spatial light modulator (SLM)

Amplitude modulation

« Liquid cystal with polarizer

= Digital micromirror device Un-rewritable hologram

Phase modulation

+ Liquid cystal Amplitude modulation

- Deformable mirror - Diffractive optical element
* Membrane mirror Phase modulation

* Magneto optic effect - Diffractive optical element

(a) (b)

Fig. 4.1 The types of hologram. A rewritable and an un-rewritable.
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Fig. 4.2 Flow of regeneration. A single rewritable hologram and a single rewritable hologram

and un-rewritable hologram.
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Fig. 4.3 Flow of designing a single rewritable hologram.
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Fig. 4.4 Flow of the proposed method. Optimization stage of the un-rewritable hologram and

design stage of the rewritable hologram.
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Fig. 4.5 An example of target image.
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Fig. 4.6 Analysis results. (a) Rewritable 1 bit amplitude hologram without additional hologram and

(b) with optimized un-rewritable hologram : 1 bit amplitude, (c) 8 bit amplitude, (d) 1 bit phase and
(e) 8 bit phase.
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Fig. 4.7 Reproduction error. (a) Rewritable 1 bit amplitude hologram without additional hologram and
(b) with optimized un-rewritable hologram : 1 bit amplitude, (c) 8 bit amplitude, (d) 1 bit phase and
(e) 8 bit phase.
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Fig. 4.8 Analysis results. (a) Rewritable 8 bit amplitude hologram without additional hologram and

(b) with optimized un-rewritable hologram : 1 bit amplitude, (c) 8 bit amplitude, (d) 1 bit phase and

(e) 8 bit phase.
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Fig. 4.9 Reproduction error. (a) Rewritable 8 bit amplitude hologram without additional hologram and

(b) with optimized un-rewritable hologram : 1 bit amplitude, (c¢) 8 bit amplitude, (d) 1 bit phase and

(e) 8 bit phase.
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Fig. 4.10 Analysisresults. (a) Rewritable 1 bit phase hologram without additional hologram and (b) with
optimized un-rewritable hologram : 1 bit amplitude, (c) 8 bit amplitude, (d) 1 bit phase and (e) 8 bit
phase.
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Fig. 4.11 Reproduction error. (a) Rewritable 1 bit phase hologram without additional hologram and
(b) with optimized un-rewritable hologram : 1 bit amplitude, (c) 8 bit amplitude, (d) 1 bit phase and
(e) 8 bit phase.
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Fig.4.12 Analysisresults. (a) Rewritable 8 bit phase hologram without additional hologram and (b) with
optimized un-rewritable hologram : 1 bit amplitude, (c¢) 8 bit amplitude, (d) 1 bit phase and (e) 8 bit
phase.
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Fig. 4.13 Reproduction error. (a) Rewritable 8 bit phase hologram without additional hologram and
(b) with optimized un-rewritable hologram : 1 bit amplitude, (c) 8 bit amplitude, (d) 1 bit phase and
(e) 8 bit phase.
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Table 4.1 Summary of the accuracies (RMSEs) of the reproducted wave in the numerical analyses.

) : With optimized With optimized
A single rewritable .
amplitude hologram | phase hologram
hologram - - . ;
1 bit 8 bit 1 bit 8 bit
Amplitude | 1 bit 0.10 0.071 0.079 0.12 0.11
hologram | 8 bit 0.099 0.054 0.067 0.11 0.080
Phase 1 bit 0.15 0.089 0.088 0.14 0.14
hologram | 8 bit 0.11 0.030 0.013 0.063 | 0.057
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Fig. 4.14 Analysis results using rewritable 8 bit phase hologram without additional hologram.
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Fig. 4.15 Analysis results using rewritable 8 bit phase hologram with optimized un-rewritable 1 bit

amplitude hologram.
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Fig. 4.16 Output wave from un-rewritable hologram using rewritable 8 bit phase hologram with opti-

mized un-rewritable 1 bit amplitude hologram and [b] 8 bit phase hologram.
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